Introduction
Magnetic gold nanoparticles have been increasingly used for the immobilization, concentration, separation, purification, and identification of bioactive agents in analytical biochemistry, medicine, and biotechnology (Yang et al., 2004) . They have been preferred in many applications due to their controllable size distribution, long-term stability, and biocompatibility with biomolecules (Xu et al., 2005) . During these applications, the main problem with magnetic nanoparticles is the dipole-dipole attractions between them (Song et al., 2015) . Surfactants are generally used to provide dispersion stability and prevent aggregation problems. Surface modification changes the physicochemical properties of magnetic nanoparticles; thus, it affects biocompatibility (Guardia et al., 2007) , cellular uptake (Song et al., 2015) , toxicity (Amin et al., 2015) , stability, aggregation, and size. Often used for nanoparticle surface modifications, avidin is a biomolecule and has a high affinity for the small-molecule vitamin biotin (Saleh et al., 2010; Lismont and Dreesen, 2012) .
The antioxidant capacity of nanoparticles containing magnetic gold and silver has also been used in various areas. Oxidative stress, a kind of biological damage caused by free radicals, results from metabolic reactions that use oxygen and disturb the balance of prooxidantantioxidant reactions in living organisms. Oxidative stress occurs due to the increase of reactive oxidative species and decrease of antioxidative systems, and it can lead to tissue damage and several human diseases, such as atherosclerosis, diabetes mellitus, chronic inflammation, neurodegenerative disorders, and cardiovascular diseases (Flora et al., 2007; Vilela et al., 2015) . Antioxidants are essential molecules that prevent cell damage by slowing or preventing oxidation (Valko et al., 2007; Pinchuk et al., 2012) . Antioxidant capacity is analyzed with various methods, such as spectrophotometric (the determination of total phenolic content with Folin-Ciocalteu reagent), scavenging activity toward stable free radicals (2,2-diphenyl picrylhydrazyl (DPPH)), electrochemical (cyclic voltammetry), amperometric (differential pulse voltammetry), separation techniques (high pressure liquid chromatography) (Vilela et al., 2015) , and the CUPRAC method (Cekic et al., 2015) .
The toxicity of nanoparticles was also examined in terms of their cytotoxic, anticarcinogenic, and genotoxic effects. Although magnetic gold nanoparticles have bioconjugation capacities with various molecules, their physicochemical properties might cause cytotoxic effects. It has been reported in the literature that gold nanoparticles induce oxidative stress and toxicity (Tedesco et al., 2010) . In another study, Mao et al. evaluated the effect of polycaprolactone coating on the cytotoxicity of gold nanoparticles, and they found that polycaprolactonecoated gold nanoparticles had much less cytotoxicity than bare gold nanoparticles (Mao et al., 2007) . It was also pointed out that surface coatings reduce the aggregation and toxicity of magnetic nanoparticles (Lind et al., 2002; Zavisova et al., 2015) .
In this study, avidin was chosen for the surface modification of magnetic nanospheres. Biological properties of these nanoparticles were analyzed by examining their antioxidant capacity and cytotoxic, anticarcinogenic, and genotoxic effects. For antioxidant activities, DPPH radical scavenging activity and lipid peroxidation inhibition methods were used. Antioxidant capacities of nanoparticles were also compared with synthetic antioxidants. The cytotoxic and anticarcinogenic effects of nanoparticles were studied on various cell lines (human colorectal adenocarcinoma (CCL-221), human cervical carcinoma (HeLa), human breast adenocarcinoma (MCF-7), and human gingival fibroblast (HGF-1)). In addition, the genotoxic effects of various nanoparticle concentrations were investigated using the comet assay technique. The main objective of the present study was to compare avidin-coated and uncoated Fe@Au nanospheres in biological applications (antioxidant capacity and cytotoxic, anticarcinogenic, and genotoxic effects) and to develop and use biocompatible nanoparticles for cancer treatment. Furthermore, it has been demonstrated that avidin coating enhances antioxidant activity. Coated and uncoated nanoparticles did not show cytotoxic effects on normal cells (HGF-1), although they had anticarcinogenic effects on HeLa, MCF-7, and CCL-221. The genotoxic effects of nanoparticles were determined with human lymphocyte cells and evaluated with the DNA tail damage ratio.
The present study also centered on investigating the effect of avidin coating on Fe@Au nanospheres and determining the antioxidant capacity and cytotoxic, anticarcinogenic, and genotoxic effects of avidin-coated and uncoated Fe@Au nanospheres. The surface and biological properties of both nanospheres were tested for use in safer and more effective chemotherapy. It was presumed that these nanospheres might have the potential to be developed and used as biocompatible nanoparticles for cancer treatment.
Materials and methods

Samples
The three cancer cell lines selected for in vitro antiproliferative bioactivity were derived from colorectal adenocarcinoma, Dukes' type C, (ATCC, CCL-221); human cervical carcinoma, HeLa (ATCC, CRM-CCL-2); and human breast adenocarcinoma, MCF-7 (ATCC, HTB-22). The normal human gingival fibroblast cell line, HGF-1 (ATCC, CRL-2014), was used as a comparative control. The blood samples were obtained from Gazi University Hospital's blood center. Blood lymphocytes were isolated from healthy donors (ages 25 to 30, healthy, not consuming alcohol, nonsmokers, and not on any medication) and they were used for determining the genotoxic effects of nanoparticles.
Cell cultures and culture medium
Eagle's medium (DMEM) was supplemented with 10% (v/v) heat-inactivated fetal bovine serum, 100 U/mL penicillin, and 0.1 mg/mL streptomycin (with 2 mM L-glutamine for CCL-221, MCF-7, and HeLa; 4 mM L-glutamine for HGF-1) in a humidified atmosphere of 95% air and 5% CO 2 at 37 °C. The medium was changed every 3 days, and the cells were passaged every 5 days. The cells were cultured in flasks and confluent cells were plated at 1 × 10 4 cells per well of 96-well plates in growth medium. Cells reached about 80% confluency and were then used for the assay. All solutions were prepared with Milli-Q quality water (18 MΩ cm) to reach the desired concentrations.
Fabrication and preparation of avidin-coated nanoparticles
The gold-coated magnetic spherical nanoparticles (Fe@ Au nanospheres) were fabricated using the seed-mediated growth procedure. (Tamer et al., 2010) . Briefly, 1.28 M FeCl 3 and 0.64 M FeSO 4 .7H 2 O were dissolved in deionized water. The solution was then stirred vigorously until the iron salts were dissolved. Subsequently, a solution of 1 M NaOH was added dropwise into the mixture by stirring for 40 min, and black precipitated magnetite was obtained. The precipitate was collected with a permanent magnet and washed with deionized water. The resulting iron salt precipitate was first washed in 2 M HClO 4 and the particles were then centrifuged for 20 min at 10,000 rpm. Subsequently, the supernatant was discarded, and the particles were washed with deionized water. The washing procedure was carried out in triplicate. The gold shellcoating procedure was carried out with ultrasound in order to encapsulate the iron nanoparticles with gold shells. Iron oxide particles were suspended in an aqueous solution of 0.5 mL of 0.01 M HAuCl 4 and stirred for 2 min in the ultrasound. The reaction solution, containing magnetic cores and a reducing agent, 0.01 M NaBH 4 (prepared in cold water at approximately 4 °C), was sonicated for 5 min and resulted in a dark red nanoparticle solution.
In order to form a self-assembled monolayer, the surfaces of the Fe@Au nanospheres were modified by leaving them in absolute ethanol containing 20 mM 11-MUA overnight. The nanoparticles were collected with a permanent magnet and washed with 50 mM MES buffer. For surface activation over carboxyl groups, Fe@Au nanospheres were treated with 1 mL of EDC/NHS solution for 40 min. Nanoparticles were separated magnetically and washed twice with 50 mM MES buffer solution. After the activation procedure, the surface was covered with avidin by incubating the nanoparticles in an avidin solution for 40 min to form covalent bonds between avidin and carboxyl groups. Nanoparticles were collected and washed twice with MES buffer. In order to avoid nonspecific interaction, ethanolamine was used and this procedure was carried out for 1 h. The surface washing procedure was repeated twice with phosphate-buffered saline (PBS) solution.
Determination of antioxidant activities of nanoparticles
Nanospheres at varying concentrations were used in order to determine the antioxidant activity of avidincoated and uncoated Fe@Au. The antioxidant activities of nanoparticles were analyzed using DPPH radicalscavenging activity and inhibition of plasma lipid peroxidation methods. All experiments were performed at least 3 times.
DPPH elimination method
The radical-scavenging activity of nanoparticles was determined by making some modifications to Blois' method (Blois, 1958) . Free radical-scavenging capacities of nanoparticles were measured spectrophotometrically due to the reduced capacity of the methanol solution's effect with DPPH. After the nanoparticles were completely sonicated, their extracted solutions were added to 0.004% DPPH in methanol, and the mixture was shaken forcefully. Next, this mixture was incubated in a horizontal shaker for 30 min at room temperature. After the incubation period, the mixture was centrifuged at 12,500 rpm for 5 min and the nanoparticles were precipitated. After centrifuging, the supernatant was read against a blank in a spectrophotometer at a 517 nm wavelength. The radical inhibition rate (I%) of samples was calculated using the following formula:
The absorbance value of the blank. A sample : The absorbance of the tested sample. Synthetic antioxidants (BHA, BHT, and α-tocopherol) were used as positive controls.
Inhibition of plasma lipid peroxidation
Inhibition of plasma lipid peroxidation in blood plasma was determined according to the method developed by Rodriguez-Martinez and Ruiz-Torres (1992) . Plasma (400 µL), 100 µL of FeSO 4 .7H 2 O solution (500 µM), 100 µL of H 2 O 2 (500 µM), and 200 µL of Fe@Au nanospheres (2 mg/mL) were mixed and incubated for 12 h at 37 °C. After incubation, 375 µL of TCA (4%) and 75 µL of BHT (500 µM) were added and the solution was kept in an ice bath for 5 min. It was then centrifuged at 8000 rpm for 15 min and supernatants were separated from the pellet. 2-Thiobarbituric acid (0.6%, 200 µL) was added to these supernatants. The mixture was stirred vigorously, kept at 95 °C for 30 min, and then cooled. Following that process, 1-butanol was added to the mixture at a 1:1 ratio and the absorbance was measured at 532 nm (Rodriguez-Martinez and Ruiz-Torres, 1992 
. Antiproliferation and cytotoxicity assay
The cytotoxic effect of nanoparticles on various cell lines (CCL-221, HeLa, MCF-7, HGF-1) was investigated using a WST-1 Cell Proliferation Assay Kit. The promoting and inhibiting effects of nanoparticles on cell growth were studied in vitro. Different concentrations of avidin-coated and uncoated Fe@Au nanospheres were added to the 96-well plates, each containing 10 4 -10 5 cells/plate and 100 µL of DMEM. Each cell was left to incubate for 24 h at 37 °C in a CO 2 incubator, and 10 µL of WST-1 mix was added to each of them. The plate was kept in a horizontal shaker for 1 min and kept in a CO 2 incubator for 2 h again. The absorbance value of plates was read at a 450 nm wavelength in a microplate reader. For the control procedure, the protocol was repeated without cells and absorbance values were obtained. The effects of applied nanoparticle concentrations on liveness of cells were calculated in percentage by using the following formula:
Liveness % = (A sample / A control ) × 100 A control : Absorbance value of the blank. A sample : Absorbance value of the tested sample. These results were used for calculating the death percentages of cells whose liveness percentages were determined. A healthy cell line (HGF-1) was used as the control group and results of various cancer cell lines (CCL-221, HeLa, MCF-7) were compared to the healthy cell line.
Double staining method
The apoptotic potentials of nanoparticles on MCF-7 and CCL-221 cells were detected by double staining of Hoechst dye with propidium iodide. The apoptotic cells were identified with a fluorescence microscope according to their morphological changes. The double staining method, where apoptotic, necrotic, and live cells exhibit different radiations under a fluorescence microscope, enables easy differentiation between live and dead cells (Ada et al., 2010) . In this method, 100 µg/mL avidin-coated and uncoated Fe@Au nanospheres were used; the highest antiproliferative effects were observed in the MCF-7 and CCL-221 cell lines. The control group consisted of cells treated with cell medium only.
The cells from 6-well plates with 4 × 10 4 -10 6 cell/ plate density were applied to 500 µL of particles whose concentrations were adjusted in DMEM. Cells were incubated for 24 h at 37 °C in a CO 2 incubator and washed with PBS. This working solution contained 2 µg/ mL Hoechst dye, 1 µg/mL propidium iodide, and 100 µg/ mL DNase (not containing RNase). The stain solution was added to the cells and kept at 37 °C for 15 min in a CO 2 incubator for staining. The cells were added to this staining solution and then left to incubate at 37 °C for 15 min in a CO 2 incubator. After incubation, the cells were washed with PBS and observed with a fluorescence microscope (40× magnification). Ada et al. (2010) reported that the Hoechst-stained live cells and apoptotic cells were blue and bright blue, respectively, while necrotic cells stained with propidium iodide were pink. The nuclei of normal cells fluoresced blue at a low intensity, but apoptotic cells exhibited a stronger blue fluorescence.
Determination of genotoxic effect of nanoparticles
The genotoxic effect of nanoparticles was determined with lymphocytes that were isolated from healthy donor blood. The study protocol was approved by the Ethics Committee of Gazi University (Protocol Number 163/2012). Any DNA damage due to the varying nanoparticle concentrations was investigated by applying the comet technique developed by Singh et al. (1988) . This part of the study was conducted in darkness to prevent any additional DNA damage. For this purpose, the blood samples obtained from healthy donors were diluted with PBS buffer at a 1:1 ratio. The lymphocyte isolator Biocoll (2 mL) was added to the mixture and it was centrifuged at 4 °C and 2400 rpm for 20 min. After centrifugation, 2 mL of lymphocytes forming a thin layer at the top of the supernatant was collected to isolate lymphocytes. PBS (2 mL) was added to the 2 mL of lymphocytes, and the mixture was centrifuged at 2400 rpm 20 min. After centrifugation, the supernatant was removed and the pellet was diluted with PBS. The isolated lymphocytes were exposed to various nanoparticle concentrations (0.005-0.100 mg/mL) and incubated at 37 °C for 1 h. After incubation, the mixture was centrifuged at 3000 rpm for 5 min, and the supernatant was removed. Initially, normal melting-point agarose was mounted between the microscope slide and coverslip. The isolated cells were then mixed with low melting-point agarose and added onto the coverslip. The prepared cells were incubated on ice cubes to solidify the agarose parts and the coverslip was taken out carefully. The cells were then submerged in a lysis solution for 1 h. After the lysis step, the microscope slides were held in an electrophoresis tank containing electrophoresis buffer for 20 min to denature the DNA helix. The electrophoresis step was performed at 25 V and 300 mA for 20 min. The microscope slides were then incubated in a neutralization solution at 4 °C for 15 min, and 50 µL of ethidium bromide was dropped on the slides and the slide was covered with a coverslip. The dyed cells were observed with fluorescent microscopy (LEICA DFC425C, Germany) and Comet Analysis Software (version 4.0). DNA damage was calculated using the following formula: DNA tail damage % = 100 × (tail DNA density / cell DNA density)
A solvent control (PBS), a negative control (untreated), and a positive control (50 µM H 2 O 2 for 15 min) were also maintained.
Statistical analysis
All analyses in this study were carried out with 3 parallels in 3 repetitions and the statistical analyses were performed by one-way analysis of variance (ANOVA) using SPSS 16.0 (SPSS Inc., Chicago, IL, USA). According to Pearson's correlation, the increase of the nanoparticle concentration effects was examined to determine whether there was a correlation with DPPH-scavenging activity, plasma lipid peroxidation, and cytotoxic and genotoxic effects. All obtained data are given as the mean ± SD of 3 independent experiments. The differences among the mean values were determined with Duncan's multiple comparison tests at a confidence level of P < 0.05 when significant differences were detected.
Results and discussion
Fabrication of the Fe@Au nanospheres
The prepared Fe@Au nanoparticles were characterized by TEM and UV analysis. As shown in Figure 1 , the nanoparticles have a spherical morphology and a mean diameter of 12.5 ± 3 nm. Additionally, the magnetic gold nanoparticles have a plasmon band at 532 nm, which suggests the presence of a gold shell on Fe 3 O 4 nanoparticles. Figure 2 shows that both the 11-MUA-coated and avidin-coated Fe@Au nanoparticles were monodispersed and displayed uniform spherical morphologies with regard to size distribution. The SPR peak of avidin-coated Fe@Au (555 nm) was retained, but different from the 11-MUAcoated Fe@Au magnetic nanoparticles, it displayed a slight red shift of 9 nm. The average hydrodynamic size of the 11-MUA-coated Fe@Au was 8 nm, with a polydispersity index (PDI) of 0.11. After avidin modification, the average hydrodynamic size of avidin-coated Fe@Au increased to 170 nm with a PDI of 0.74. The obtained results confirm that the surface modification of avidin coating affects the morphology and monodispersed state of the Fe@Au magnetic nanoparticles. In order to evaluate the surface charge of the magnetic nanoparticles after modification, zeta potential measurements were carried out. The zeta potential values of 11-MUA-coated and avidin-coated Fe@ Au magnetic nanoparticles were found to be -6 mV and -12 mV, respectively. The negative increase in the zeta potential value of avidin-coated Fe@Au magnetic nanoparticles suggests that the avidin modification subsequently affects the surface charge of the nanoparticles, as expected.
Determination of antioxidant activities of nanoparticles
DPPH free radical-scavenging activity
Free radical-scavenging capacities of avidin-coated and uncoated Fe@Au nanospheres were analyzed using DPPH. Avidin-coated nanospheres had more DPPH-scavenging activity, and thus they had an increased antioxidative effect (Table 1) . Antioxidant activity was also increased with higher concentrations of avidin-coated nanospheres. When the antioxidant capacities of the highest concentration of nanoparticles (5 mg/mL) were compared, avidin-coated Fe@Au nanospheres had an antioxidant capacity about four times greater than uncoated Fe@Au nanospheres. The results of avidin-coated and uncoated nanospheres were evaluated and found to be statistically different from the control group (synthetic antioxidants) at P < 0.05. The obtained result is significant for immunosensor analysis platforms because avidin coating is necessary for designing these analysis platforms. Avidin is used for both sensor designing and antioxidant activity during the fabrication of immunosensor analysis platforms. Liu et al., 2012) . Apart from these studies, antioxidant activity was also examined during the growth and aggregation of Au nanoparticles (Sudeep et al., 2005; Ma and Qian, 2010) . Physicochemical surface coatings and chemical binding also provide no toxic constituents; the coating materials can be removed only by chemical reactions. In the literature, different coating substances, such as gallic, phenolic, tartaric, citric, ascorbic acids, and polyphenols, were chosen. In their study, Andreu-Navarro et al. used several synthetic and natural antioxidant food additives in gold nanoparticle formation, and the antioxidant capacities of modified nanoparticles were analyzed in commercial foodstuff (Andreu-Navarro et al., 2011) . It was found that a polymerized form of gallic acid brought antioxidant activity to magnetic nanoparticles (Toth et al., 2014) . Trolox was an analogue of vitamin E and functionalized with gold nanoparticles. The functionalized form of Trolox showed a higher antioxidant capacity than its individual form (Nie et al., 2007) .
The DPPH-scavenging activity of nanoparticles was also compared with some synthetic antioxidants (BHA, BHT, α-tocopherol). Avidin-coated nanospheres (inhibition: 69.1%) had lower antioxidant capacity than the synthetic antioxidants; however, it is still possible to use avidin-coated Fe@Au nanospheres as an antioxidant in many nanoparticle applications.
Inhibition of plasma lipid peroxidation
Inhibition of plasma lipid peroxidation (%) was evaluated with avidin-coated and uncoated Fe@Au nanospheres, and the obtained results are given in Table 2 . The results of avidin-coated and uncoated nanoparticles were analyzed (Schaffazick et al., 2005) . Avidin-coated nanospheres, in both analysis systems, were found to have a higher inhibition effect than uncoated nanospheres. The results for inhibition of plasma lipid peroxidation were also consistent with DPPH results.
According to these results (radical-scavenging activity and inhibition of plasma lipid peroxidation), avidin-coated Fe@Au nanospheres were found to have better antioxidant capacity than uncoated Fe@Au nanospheres.
Cytotoxic and antiproliferative effect of nanoparticles
For the cytotoxicity test, a healthy cell culture (HGF-1) and cancer cell lines (CCL-221, HeLa, MCF-7) were used to determine the anticarcinogenic effects of avidin-coated and uncoated nanoparticles. As the obtained results show, the percentage of cell death in healthy gingival cells was lower than the death rates of cancer cell lines.
The nanospheres exhibited moderate cytotoxic activity against all cancer cell lines. On the other hand, the uncoated nanoparticles had the highest antiproliferative effect (34% cell death) on MCF-7 at 0.100 mg/mL. According to the obtained results, the antiproliferative effects on cancer cells of avidin-coated nanoparticles were lower than the effects of uncoated nanoparticles (Table 3 ). The uncoated nanoparticles displayed anticancer activity against cancer cells and enhanced cytotoxicity on normal cells. The nanoparticle effects were associated with surface coatings. Polysaccharide-coated Ag nanoparticles increased the expression of tumor suppressor proteins, while the uncoated Ag nanoparticles did not. The best concentration for destroying the cancer cells was 0.100 mg/mL of Fe@ Au nanospheres, which had the highest cytotoxic effect compared to the other three concentrations (0.005, 0.025, 0.050 mg/mL). The anticarcinogenic and cytotoxic effects of both avidin-coated and uncoated nanoparticles on cancer (CCL-221, HeLa, MCF-7) and healthy (HGF-1) cell lines were investigated. According to statistical analysis, the effects of avidin-coated and uncoated nanospheres on cancer cell lines were examined and observed to be statistically different from the control group (HGF-1) at P < 0.05. Nanoparticles seemed to be ineffective on healthy (HGF-1) cell lines, whereas they seemed effective on MCF-7 cell lines at 0.1 mg/mL nanoparticle concentration. The effects of nanoparticle concentration on cancer and healthy cell lines were also investigated in the literature (Chen et al., 2005; Win and Feng, 2005) ; however, the nanoparticle concentrations used in this study are lower than in other studies in the literature. Finally, avidincoated and uncoated magnetic Fe@Au nanoparticles were synthesized and studied for anticancer drug-loading and drug-targeting applications. The produced Fe@ Au nanospheres led to the death of cancer cells without damaging the healthy cells. All these studies suggest that Fe@Au nanoparticles might be promising novel agents for magnetically targeted drug delivery. Table 3 . Anticarcinogenic and cytotoxic effects of different concentrations (0.005, 0.025, 0.050, 0.100 mg/mL) of uncoated and avidincoated Fe@Au nanospheres on various cancer (CCL-221, HeLa, MCF-7) and healthy (HGF-1) cell lines. Mean values ± SD, n = 3, different letters (a-e) in the same column are significantly different (P < 0.05), different letters (A-E) in the same row are significantly different (P < 0.05). (Figures 3 and 4) . In contrast, the control cells showed intact nuclear structures where the cell nuclei exhibited low-intensity blue fluorescence with Hoechst 33342 dye. Exposure to the avidin-coated Fe@Au nanospheres made the induction of apoptosis more obvious than exposure to the uncoated Fe@Au nanospheres. However, the necrotic effects of avidin-coated and uncoated Fe@Au nanospheres on cancer cells were very weak (data not shown). It has been reported that the reaction of particles with cell membranes results in the generation of reactive oxygen species, and the generated oxidative stress may cause a breakdown of membrane lipids, leading to an imbalance of intracellular calcium homeostasis, alterations in metabolic pathways, and finally apoptosis (Clutton, 1997; Knaapen et al., 2004) .
Genotoxic potential of nanoparticles
The genotoxic effects of nanoparticles were determined with human lymphocyte cells and the obtained results are given in Table 4 . The major advantage of lymphocytes is that A B they are primary cells and easy to culture in suspension. For this reason, lymphocytes are generally preferred for genotoxicity analysis rather than cell lines (West et al., 1977) . Untreated lymphocytes were used as the negative control (DNA damage was 0.10%). Lymphocytes treated only with hydrogen peroxide were used as the positive control (DNA damage was 3.05%). Although there was not enough tail density difference between the control and nanoparticle-treated lymphocyte cells, DNA tail damage increased as the concentrations of nanoparticles increased. Lymphocytes incubated with avidin-coated and uncoated Fe@Au nanospheres caused DNA damage between 0.66% and 0.35%. According to comet test results, if the ratio of tail length to head length is below 5%, it is accepted that there is no DNA damage (Yen et al., 2001) . Genotoxic effect results of developed nanoparticles are given in Table 4 and Figures 5A-5C . In the group treated only with hydrogen peroxide, the DNA was completely damaged and the amounts of tail DNA significantly increased ( Figure 5C ). Untreated (negative control) and nanoparticle-treated lymphocyte cells had no detectable comet tail, whereas cells treated with 50 mM H 2 O 2 (positive control) showed significant nuclear DNA fragmentation. The tail DNA of nanoparticle-treated cells ( Figure 5A ) and untreated cells ( Figure 5B ) was compared, and it was found that they had similar DNA migration profiles. In addition, statistical analyses were performed, and the results of avidincoated and uncoated nanospheres were considered to be statistically different from the control group (untreated sample) at P < 0.05. The maximum tail DNA damage was 0.66%, which means that the nanoparticles did not induce significant DNA damage compared to the positive controls treated with H 2 O 2. Therefore, avidin-coated and uncoated Fe@Au nanospheres did not have genotoxic effects. It was reported in the literature that gold nanoparticles cause death in the carcinoma lung cell line A549, while the BHK21 and HepG2 cell lines remain unaffected (Patra et al., 2007) . The toxic effects of gold nanoparticles were observed in in vivo studies using mice, and it was found that 5, 10, 50, and 100 nm gold nanoparticles were not harmful. However, some pathological changes were observed in Kupffer cells. The toxic effects were reduced with peptide-coated gold nanoparticles (Chen et al., 2009 ). The produced avidin-coated magnetic nanospheres did not have cytotoxic and genotoxic effects, which proved that they are compatible with the human body and can be used for drug manufacturing or diagnosis and detection. These results have important implications for understanding the potential health effects of avidin-coated and uncoated Fe@ Au nanosphere exposure. The results of recent studies suggest that silver and gold nanoparticles reduce the viability of some cancer cells in a dose-dependent manner. Based on these studies, it is hereby speculated that the cytotoxicity of nanoparticles relies on the nature of cell types and size of particles (Park et al., 2011; Gurunathan et al., 2013) . Small particles may have good permeability but poor retention. On the other hand, larger particles have higher magnetization and experience higher magnetic forces, which offer better in vivo manipulability in the bloodstream by an external magnetic field for guidance to the tumor. Various particle sizes have been successfully used in clinical trials and in vivo trials with animals, e.g., an average size of 100 nm for magnetic drug targeting (Lubbe et al., 1996) . In addition to size, surface charge also plays a critical role in blood circulation time of nanoparticles. Positively charged coatings nonspecifically stick to cells at 10 6 , whereas the negatively charged particle surface is easily taken up by the liver due to sequestration by phagocytes (Papisov et al., 1993; Fujita et al., 1994) . Therefore, it is generally agreed that nanoparticles with a neutral surface experience extended blood circulation times (Sun et al., 2008) .
In conclusion, the biological properties of the produced avidin-coated and uncoated Fe@Au spherical nanoparticles were analyzed in terms of their antioxidant capacity and cytotoxic, anticarcinogenic, and genotoxic effects. The importance of surface coating on biological samples was also studied using the avidin molecule. The obtained results revealed that the antioxidant capacity of avidin-coated Fe@Au nanospheres was higher than that of bare nanospheres. Neither avidin-coated nor uncoated nanospheres had cytotoxic effects on healthy cells, but they had strong anticarcinogenic effects on MCF-7 and CCL-221 cells. The genotoxic effects of nanoparticles were evaluated using DNA tail damage value, and avidin-coated and uncoated Fe@Au nanospheres were also found to have no genotoxic effects. The obtained results suggest that such magnetic nanospheres be used in biological applications. These multifunctional nanoparticles may be considered for future nanomedicinal use in simultaneous targeting imaging and real-time monitoring of therapeutic response. Furthermore, due to their reliability, avidin-coated and uncoated Fe@Au nanoparticles may be promising as magnetic drug carrier alternatives for tumor-targeted drug delivery. Figure 5 . DNA damage in cells after nanoparticle application: A) Nanoparticle-treated lymphocyte cells, B) untreated lymphocyte cells (negative control), C) 50 mM H 2 O 2 -induced DNA damage and migration (positive control).
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